Morchella (morel) includes prized edible and medical mushrooms in the world. Since 2012, commercial cultivation of morels in the field has developed rapidly in China. However, coupled with the rapid expansion of morel cultivation, diseases have been become serious threats to morel production. White mold is one of the most serious diseases on cultivated morels. This study aimed to confirm this pathogen by following Koch's postulates, and to identify it using molecular evidence. Our results indicated that healthy Morchella fruiting bodies inoculated with Paecilomyces sp. isolates produced typical white mold symptoms, and the internal transcribed spacer sequences of the Paecilomyces sp. were 99% similar to that recovered from an epitype of Paecilomyces penicillatus. Therefore, P. penicillatus was considered to be the causative agent of white mold. White mold occurred from the initial harvest to the storage and preservation process, and it produced white mold-like symptoms on the caps and stripes of Morchella. This is the first time that white mold has been reported on cultivated Morchella.
INTRODUCTION
Morchella spp. (morels) are well known and widespread edible mushrooms (Du et al. 2012) . They are highly prized for their delicious taste and nutritional value. However, wild sources of morels are not sufficient to satisfy increasing commercial demand. Because of their economic value, the artificial cultivation of morels has received considerable attention worldwide (Ower 1982; Ower, Mills and Malachowski 1986; Molina et al. 1993; Barnes and Wilson 1998; Dahlstrom, Smith and Weber 2000; Stott and Mohammed 2004; Zhu 2008; Zhao et al. 2009; Masaphy 2010) . Since 2012, commercial cultivation of morels in the field has developed rapidly in China, especially in Sichuan Province. In 2015, the Morchella cultivation area was greater than 660 hectares in Sichuan Province, accounting for 30% in China. Coupled with the rapid expansion of morel cultivation, diseases have increasingly become the most serious threats to morel production.
Since 2013, many Morchella fruiting bodies were infected by a white mold in the field, resulting in substantially lower yields and a reduction in quality. We called this disease 'white mold' for its symptoms in our study. Its highest incidence was observed during the late harvest stage. In 2013, in the main Morchella cultivation areas in Sichuan, 10% of the Morchella fruiting bodies were affected during the late harvest stage, and this increased sharply to more than 60%-80% during late harvest stage in 2014 and Fig. 1) . In 2016, a factory cultivation attempt of Morchella in Sichuan was also found to be affected by white mold. At present, white mold has become the most serious disease affecting morel cultivation.
(
To improve the control of white mold, this study aimed to determine the identity of the white mold pathogen, as well as the extent of its occurrence.
MATERIALS AND METHODS

Isolate collection
During our investigation, fresh diseased samples of morels in the early stages of infection were collected from Jianyang, Jintang and Luding in Sichuan. The suspected pathogen was isolated from 10 diseased samples (numbered D1-D10). Mycelia on the lesions were carefully picked, and then cultured on potato dextrose agar (PDA) medium at 25
• C for 5 days. Ten plates were cultured for each sample. Then, the colonies were purified, and additional cultures were prepared in triplicate. These strains have been deposited in the Culture Collection Center of the Soil and Fertilizer Institute, Sichuan Academy of Agricultural Sciences.
Pathogenicity test
A pathogenicity test was conducted based on Koch's postulates, and it was repeated twice. The main cultivation varieties of Morchella (Sichuan Morel No.1 and M9-1) were selected for testing. Morels were inoculated in the field with the aforementioned fungal isolates at the early stages of Morchella harvest to avoid natural infection. A 1 mm 2 fungal colony was inoculated on healthy Morchella fruiting bodies and incubated under natural conditions. Each tested fruiting body was labeled and observed daily. All the isolates from the diseased samples were included in the first pathogenicity test, and at least 20 healthy fruiting bodies were tested per isolate. The control group was inoculated by PDA medium and sterilized water. After 5 days, the pathogenicity test was repeated for those isolates that had caused white mold symptoms in the first pathogenicity test. The suspected pathogen was re-isolated from the inoculated Morchella that exhibited symptoms of white mold, and strains that were determined to be identical to the original inoculum were considered to be the causative agent of white mold disease. Identification of the pathogen was based on molecular evidence, as described below.
Molecular analysis
Genomic DNA was extracted from the fresh mycelia using Biospin Fungus Genomic DNA Extraction Kits. Universal primers ITS4 and ITS5 were used to amplify the internal transcribed spacer (ITS) regions (White et al. 1990 ). Procedures for polymerase chain reaction (PCR) amplification, PCR products purification and sequencing were the same as in previous studies (Peng et al. 2014) . Sequences generated in this study were deposited in GenBank. Maximum parsimony was determined using PAUP * version 4.0b10 for phylogenetic analyses (Swofford 2002). DNA sequences were aligned using ClustalX 1.83 (Thompson et al. 1997) , and the aligned sequences were edited and manually modified where necessary using BioEdit 7.0.9.0 (Hall 1999) . All characters were treated as unordered and equally weighted, and gaps were treated as missing data. Bootstrap values were calculated from 1000 replicates.
RESULTS
Isolation and pathogenicity tests
Thirty-three fungal isolates, including three Morchella strains and 30 other fungal isolates, were collected from the 10 diseased samples. Except for the Morchella isolates, the other 30 isolates were identified preliminarily based on their ITS sequences before performing the pathogenicity test. Among them, 2 isolates were Fusarium sp. 1, 1 was Fusarium sp. 2 and 27 were Paecilomyces sp. Paecilomyces isolates were recovered from all the symptomatic samples; while Fusarium sp. 1 was only obtained from sample D3, and Fusarium sp. 2 from sample D8, respectively. Then, representatives of these three species were used in the pathogenicity test. In the first pathogenicity assay, all the Paecilomyces sp. isolates caused white mold disease on morels, and only fruiting bodies inoculated with the Paecilomyces sp. produced typical white mold symptoms. When suspected causative agents were re-isolated from these diseased Morchella, they proved to be identical to the original Paecilomyces sp. based on a molecular characterization. In contrast, Fusarium sp. 1 and Fusarium sp. 2 did not cause white mold symptoms. The control group also grew normally. Then, the Paecilomyces sp. strains that were re-isolated from these diseased Morchella in the first assay were selected for a second pathogenicity test. All the inoculated Morchella presented typical white mold symptoms, and the strains that were re-isolated from these diseased Morchella were identical to the original inoculum (Paecilomyces sp.). Therefore, a Paecilomyces sp. was recognized as the causative agent of white mold on Morchella.
White mold symptoms
White mold occurred from the first harvest to the storage and preservation process. When morels were inoculated with Paecilomyces sp. at ∼10 • C in the field, white mycelia appeared at the inoculation sites after 5 days. As the field temperature increased, symptoms of white mold developed rapidly. When morels were inoculated at ∼18 • C, white mycelia appeared at the inoculation sites after 24 h (Fig. 2) , and the white mold symptoms became increasingly obvious over time. The lesions expanded gradually, and the pathogen initially formed white mycelia on the infection sites, which eventually turned somewhat pinkish white. At the late stage of infection, white mold might cause perforations at the lesions, although it did not cause soft rot. Once the very young and small Morchella fruiting bodies were infected by white mold, white mycelium could cover the entire fruiting bodies, which stopped growing. White mold may occur on both the caps and the stripes of Morchella.
Molecular analysis
The ITS sequences of the pathogen are 489 bp, and they were deposited in GenBank with accession numbers KY490042-KY490044. They are 99% identical to those of Paecilomyces penicillatus (including a sequence from a verified P. penicillatus strain). An ITS analysis was performed using PAUP 4.0b10 and 48 taxa, including two representatives of Marianneae camptospora and M. elegans var. punicea as outgroups. The alignment comprised 637 nucleotides, of which 234 were constant, 354 were parsimony-informative and 49 were variable characters that were parsimony-uninformative. The parsimony analysis resulted in two most parsimonious trees, with a consistency index of 0.489, a retention index of 0.753 and a rescaled consistency index of 0.369. One of the most parsimonious trees is shown in Fig. 3 .
In the ITS analysis, the pathogens and three other P. penicillatus spp. were grouped together with a strong support (bootstrap of 100), and with Torrubiella luteorostrata Zimm. in a broader clade.
DISCUSSION
Successful commercial cultivation of morels in China would contribute much to the development of the international morel industry and to ecological-friendly solutions for morel production. However, serious diseases might have adverse effects on this emerging industry. In the last two years, morel diseases have caused great losses to farmers and agricultural companies. Nevertheless, no information of Morchella diseases has been reported prior to this study. When we first observed white mold in the field, we did not appreciate how seriousness it would become. However, in the following year, we realized that this menacing disease was a great threat to Morchella cultivation. Of course, Morchella cultivation is not only damaged by white mold disease, as many other morel diseases have also been observed during our investigations. However, we had little or no acquaintance with these diseases at present.
During the pathogenicity tests of white mold, Fusarium isolates were recovered from two of the ten diseased samples, but they were proved harmless to the healthy Morchella. Fusarium spp. are widely distributed in soil, and are relatively abundant members of the soil microbial community. In the very late stage of white mold, Fusarium spp. might be saprobes on the lesions when Morchella fruiting bodies were infected by Paecilomyces penicillatus.
The white mold pathogen is sensitive to temperature, as it developed slowly, with a lower incidence, at low temperatures, but quite rapidly at high temperatures. In the late harvest stage, the temperature is usually higher than 23
• C, and white mold infects most Morchella. The best temperature for Morchella fruiting is <20 • C; therefore, early sowing might be effective at controlling white mold. In highland areas, the incidence of white mold is significantly lower than that in the plains, mainly because of the lower temperature in highland areas. In our study, all chemical attempts to control this disease have failed because the Morchella fruiting body develops soft rot and collapses after treatment. Although the infection source of white mold is still unclear, it seems that cultivation management is currently the best method for controlling this disease. However, during storage and preservation, white mold can also infect Morchella fruiting bodies, even though there are no visible lesions at harvest. In this study, we showed that the ITS sequences of the white mold pathogen are 99% similar to those from a verified P. penicillatus strain. The verified P. penicillatus strain was also isolated from rotten mushrooms (Samson 1974) , suggesting that P. penicillatus might be a common pathogen for mushrooms. Based on a comparison of ITS sequences, P. penicillatus is closely related to Diploöspora longispora var. longispora and D. longispora var. cubensis (Tanney et al. 2015) ; however, the genus Diploöspora is probably polyphyletic, and the taxonomic placement of the D. longispora complex is still uncertain. Similarly, the current view is that the Paecilomyces genus is also polyphyletic, and that P. penicillatus might belong to another genus (Luangsa-Ard et al. 2005) . All these species require further study to determine their true taxonomic placements but it is not considered further here.
